We applied a high-resolution PCR-based typing method, multiple-locus variable-number tandem repeat analysis (MLVA), for discrimination of 30 multidrug-resistant clinical isolates of Staphylococcus epidermidis. The results of MLVA were congruent with results obtained by pulsed-field gel electrophoresis (PFGE). MLVA generated discrete character data, and its discriminatory capacity was comparable to that of PFGE.
The clinical significance of Staphylococcus epidermidis is increasingly recognized. The bacterium is primarily associated with nosocomial infections such as prosthesis-and intravascular-catheter-related infections and a variety of postoperative infections (17) . Moreover, nosocomial isolates of S. epidermidis frequently exhibit multidrug resistance, which limits the therapeutic arsenal (5) . Despite the growing importance of S. epidermidis as a cause of hospital-acquired infections, there is still limited information available regarding the epidemiology of S. epidermidis in the hospital setting. Methods that may distinguish clinically significant strains from contaminant strains are lacking. For epidemiological studies, there is also a lack of easy-to-use, rapid typing methods with high reproducibility. Since the 1990s, pulsed-field gel electrophoresis (PFGE) of whole-genome SmaI digests has been considered the "gold standard" for molecular typing of S. epidermidis (13, 14) . The method has high discriminatory power but is laborious and therefore costly. Interpretation and exchange of PFGE-typing data are not uncomplicated because they depend on banding patterns and subjective decisions regarding the true existence of discrete bands. There is a consensus that exchange of typing data between laboratories is highly desirable, and systems with a binary output (numbers or characters), rather than methods generating banding patterns such as PFGE, are therefore preferred. Multiple-locus variable-number tandem repeat analysis (MLVA) has proved efficient for high-resolution typing of several bacterial species (4, 6, 16) . The method targets multiple genomic loci and relies on the detection of different copy numbers of short repeated sequences that are arranged in tandem arrays. MLVA is an easy-to-use, PCR-based method that provides simple numerical data by identifying the copy numbers of tandem repeats that are present at the assayed genomic loci. The aim of the present study was to develop and evaluate an MLVA system for molecular typing of S. epidermidis.
Collection of bacteria and epidemiological information. Clinical isolates of multidrug-resistant S. epidermidis were obtained during November and December 2001 and October and November 2002 from clinical specimens from patients treated at different ward units at the 700-bed University Hospital of Umeå, Sweden. Epidemiological information was retrieved from admission notes of clinical specimens and by a retrospective review of hospital records for each patient. Each isolate was assigned an arbitrary isolate identification number for this study. Identification of bacterial cultures to the species level was performed by using biochemical typing as previously described (10) . To evaluate the species specificity of the MLVA, one reference strain of each of 18 different staphylococcal species was obtained from the American Type Culture Collection (ATCC), Manassas, Va., or the Czech Collection of Microorganisms (CCM), Brno, Czech Republic.
Susceptibility analysis. Antibiotic susceptibility analysis was performed by the agar dilution technique with a 25-pin multipoint inoculation device as previously described (2, 9) . Briefly, 90-mm agar plates were prepared that contained dilutions of six antimicrobial agents. PDM ASM agar (AB Biodisk, Solna, Sweden) supplemented with 5% defibrinated horse blood was used with fusidic acid, cotrimoxazole, gentamicin, vancomycin, and clindamycin, while Mueller-Hinton II agar (Becton Dickinson, Sparks, Md.) supplemented with 2% NaCl was used with oxacillin (8) . Bacterial suspensions for inoculation were prepared and susceptibility breakpoints applied according to the Swedish Reference Group for Antibiotics (3) . Plates were read after 24 h of incubation at 35°C. All selected clinical isolates exhibited a uniform pattern of multidrug resistance with resistance to oxacillin, fusidic acid, cotrimoxazole, gentamicin, and clindamycin. All isolates were vancomycin susceptible.
Identification of variable-number tandem repeats. The genome sequence of S. epidermidis ATCC 12228 (accession no. AE015929) was downloaded from GenBank and analyzed for the presence of tandem repeat sequences with the software program Tandem Repeats Finder (1) . The analysis identified 137 genomic regions with tandem repeat sequences. Fourteen regions were selected for further analysis on the basis of genomic location, repeat length, and copy number. The selected tandem repeat sequences exhibited a minimum size of 18 bp for an individual repeat and a tandem copy number greater than two.
MLVA and PFGE. Bacteria were grown on blood agar at 35°C overnight, and DNA was extracted with the QIAamp DNA mini kit (QIAGEN, Hilden, Germany). DNA concentration was determined with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, Del.). Initially, selected tandem repeat loci were investigated by PCR analysis of a panel of 10 S. epidermidis isolates. Flanking primers were designed for each repeat locus based on the genome sequence of strain ATCC 12228. PCR mixtures of 50 l contained 0.4 M forward and reverse primers (DNA Technology A/S, Århus, Denmark), 0.05 U of AmpliTaq Gold (Applied Biosystems, Stockholm, Sweden), 0.2 mM each deoxynucleoside triphosphate (Amersham Biosciences, Buckinghamshire, England), 1.5 mM MgCl 2 , and 60 ng of template DNA in PCR buffer II with bovine serum albumin. DNA amplification was carried out by initial denaturation at 95°C for 10 min and then cycling at 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min for 30 cycles, with a final incubation at 72°C for 5 min in a DNA Engine PTC-200 (MJ Research Inc., Watertown, Mass.).
DNA fragments from each strain at all 14 loci were successfully amplified and the sizes determined on agarose gels. Five loci, designated Se1 to Se5, that showed size polymorphism among isolates of the test panel were dispersed over the chromosome and therefore selected for further analysis in 30 clinical isolates of S. epidermidis ( Fig. 1 and Table 1 ). PCR amplification products were analyzed for size variation on agarose gels with 2% NuSieve (FMC BioProducts) for Se1 to Se4 or 1.75% SeaKem GTG (Cambrex Bio Science) for Se5. We used the molecular weight standards GeneRuler 100 bp DNA Ladder (Fermentas International Inc., Vilnius, Lithuania) and GeneRuler 100 bp DNA Ladder Plus (Fermentas). The sizes of the PCR amplification products obtained were translated to repeat copy numbers for each isolate (Table 2) . To verify repeat copy number variation, PCR products representing two different isolates were sequenced at each of the five repeat loci on the ABI 377 platform with forward and reverse amplification primers and the BigDye terminator cycle sequencing ready reaction kit (PE Applied Biosystems). Each isolate was genotyped by PFGE with SmaI digests of whole-genome DNA as previously described (9) . Macrorestriction profiles were interpreted as described by Tenover et al. (15) .
Data analysis.
The discrete-character MLVA data (i.e., the repeat copy numbers found at the five repeat loci) were analyzed with Bionumerics v. 3.5 (Applied-Maths, Saint-MartensLatem, Belgium), the categorical coefficient, and the unweighted pair group method using arithmetic averages. To estimate the discriminatory power of the typing method, allelic diversity (D) was calculated with the formula D ϭ 1 Ϫ ⌺(allele frequency) 2 , i.e., a function of individual allele frequencies and the number of alleles detected in the population.
Clinical and epidemiological data. The spatial distribution of collection sites of 30 multiresistant clinical S. epidermidis isolates at Umeå University Hospital is depicted in Fig. 2 . Twelve isolates were collected in a setting of suspected postoperative deep surgical site infection in the presence of implanted foreign material, and most of them were from the thoracic surgery unit or the orthopedic surgery unit ( also Table 2 ). Culture of central venous catheters yielded eight isolates. The remaining isolates were retrieved by collection of more diverse specimens including screening cultures of neutropenic patients and specimens from superficial surgical incision site infections. Collection of culture specimens was initiated by clinicians and hence not performed due to a suspected nosocomial outbreak. MLVA compared to PFGE. The variable repeat loci used in MLVA displayed individual repeat sizes ranging from 18 bp to 58 bp (Table 1) . Among the 30 isolates of S. epidermidis analyzed and control strain ATCC 12228, the number of alleles at repeat loci ranged from three for Se4 to nine for Se5. D values ranged from 0.51 for Se4 to 0.80 for Se5. The D value for the combination of five repeat loci (Se1 to Se5 treated as a single allele) was 0.87. To compare MLVA with an established typing method, PFGE with SmaI-digested DNA was performed. It should be noted that we used permissive criteria for identifying unique PFGE patterns; a two-band difference was set to identify unique patterns. The D value obtained for typing by PFGE was 0.84, a value comparable to that obtained by MLVA. The finding of relatively low D values results from the abundance of multiple isolates exhibiting identical genotypes in the bacterial population under study (Fig. 3) .
In performing MLVA, we noted PCR amplification failure for four S. epidermidis isolates at locus Se5, while all other PCR amplifications at loci Se1 to Se5 were successful ( It was apparent that MLVA and PFGE typing resulted in very similar clustering of isolates (Fig. 3) . Hierarchical cluster- ing of S. epidermidis isolates on the basis of MLVA data revealed 16 genotypes among the 31 isolates analyzed. This compares with the 16 unique banding patterns that were resolved by PFGE. The result of MLVA was, with very few exceptions, congruent with the results obtained by PFGE typing. Eleven isolates showed the same PFGE banding pattern, and nine of these were also identical by MLVA (Fig. 3) . The 10th and 11th isolates each differed at only one variable-number tandem repeat locus, at Se3 (isolate 8) and Se5 (isolate 17), respectively ( Fig. 3 ; also Table 2 ). Three isolates exhibited the same MLVA genotype, while typing by PFGE showed a two-band difference for each strain (isolates 19, 21, and 27). Taken together, our findings indicate that MLVA has a discriminatory capacity similar to that of typing by PFGE. A multiresistant S. epidermidis clone appeared to be widespread. Spatial analysis of the dissemination of multiresistant S. epidermidis genotypes at the hospital indicated that many isolates were closely related and widespread in the hospital environment ( Fig. 2 and 3) . A straightforward interpretation is that an S. epidermidis clone was maintained in the hospital environment during the study period and that this clone was highly successful in colonizing patients. The limited number of isolates makes further epidemiological interpretations difficult, although an association of the predominant genotype with deep surgical site infection and/or the presence of implanted foreign medical devices seemed to be present. Spatial analysis showed an association of the predominant genotype with the thoracic surgery unit, the ophthalmology-plastic surgery unit, and the orthopedic surgery unit. There is, however, good reason for caution due to the limited size of the present study. Previous work with PFGE typing has failed to find firm associations of a particular genotype with various clinical parameters but corroborates the finding of highly successful multiresistant S. epidermidis clones that are geographically disseminated (7) .
Congruent typing results indicate robust measurements of genetic relationships. The finding of congruence of PFGE typing with MLVA argues that the genomic targets of MLVA and PFGE share evolutionary histories although MLVA and PFGE typing measure very different evolutionary events. PFGE is based on restriction cleavage and may detect single nucleotide mutations at a few cleavage sites but is especially sensitive for measuring recombination events within a genome. In contrast, MLVA is designed to target multiple genomic regions that are prone to rapid mutation by change of copy numbers of tandem repeat sequences. The congruent results obtained by two methods measuring different mutational mechanisms at multiple genomic loci indicate that the sequences targeted by these methods were horizontally transferred infrequently or not at all among the S. epidermidis genomes included in this study. Our findings suggest that the genomic loci targeted by MLVA provide a robust measure of genetic relationships.
Tandem repeats were located in genes encoding fibrinogenbinding proteins. Strikingly, three of five polymorphic repeat loci identified in S. epidermidis (Se1, Se3, and Se5) were located in genes predicted to encode surface binding proteins that may have a functional role in adherence ( Table 1 ). The loci were located within open reading frames predicted to encode fibrinogen-binding proteins of the serine-aspartate (SD) repeat-containing (Sdr) family of cell wall-anchored surface proteins. This protein family is believed to play a pathogenic role in some gram-positive bacteria by enabling binding to host fibrinogen (15) . The 18-bp tandem repeats identified at Se1, Se3, and Se5 are predicted to encode SD stretches of variable length in Sdr proteins. Different copy number of an 18-bp repeat at Se1, Se3, or Se5 will only affect the length of SD stretches without disrupting the open reading frames. Similar to our findings, a previous MLVA study of methicillinresistant S. aureus found variation in genes encoding Sdr proteins among different strains (12) . In another study addressing protein structure, it was shown that the SD stretch of a member of the Sdr family, SdrG of S. epidermidis, is localized just outside a cell wall-spanning region (11) . The SD stretch was not shown to have a functional role for ligand binding or cell wall attachment. Our observation that three out of five targeted repeat sequences code for putative fibrinogen-binding proteins requires further exploration. First, it would be valuable to explore whether there is any correlation of MLVA genotypes with the adherence properties of S. epidermidis. Second, since adherence to host fibrinogen is considered a functional trait of pathogenic S. epidermidis, evolution at tandem repeats encoding Sdr proteins might be functionally biased. A common environmental selective pressure might cause convergent evolution, especially at a rapidly evolving tandem repeat locus, thereby biasing the estimation of the genetic distance among isolates.
Adjustment of discriminatory capacity. The discriminatory capacity of an MLVA system can be adjusted by inclusion of different tandem repeat loci exhibiting different variabilities. We observed that the use of five repeat loci (Se1 to Se5) for MLVA resulted in a high discriminatory capacity (Fig. 3) . Interestingly, the use of only four repeat loci (Se1 to Se4) resulted in a highly similar clustering of isolates while slightly decreasing the discriminatory capacity. By using four loci, isolates that were judged to be closely or possibly related by PFGE typing (showing two to six band differences) clustered as a single MLVA genotype (Fig. 3) . A reduction in discriminatory capacity might be valuable in epidemiological investigations spanning larger geographical regions or time scales and in studies of population dynamics. In such studies, highly variable markers might dim the interpretation of genetic relatedness due to homoplasy effects. To further stabilize the S. epidermidis MLVA, the inclusion of additional tandem repeat loci exhibiting low variability might be considered. In local investigations over shorter time periods, highly variable markers will be important.
Concluding remarks. MLVA of S. epidermidis is potentially cost saving compared to PFGE typing because of the speed of analysis and a limited need for sophisticated equipment. The current protocol was designed to avoid extensive use of sequencing facilities, although we have verified the sequence data of selected isolates. Limitations of the present study include a restricted number of isolates investigated and a relative homogeneity of isolates since they were collected in only one In conclusion, the present study demonstrates that MLVA is a promising typing approach for molecular epidemiology studies of S. epidermidis due to the speed of analysis, the low cost, and the ability to produce numerical data that can be easily exchanged among laboratories. We believe that MLVA will be a valuable tool for investigations of population dynamics, maintenance, and spread of nosocomial S. epidermidis.
Nucleotide sequence accession numbers. The nucleotide sequences of the S. epidermidis variable-number tandem repeat loci reported in this paper (Se1 to Se5) have been deposited in the GenBank database. The sequences at each of the five loci that represent two different isolates with two different repeat copy number variants have been assigned accession no. DQ247711 to DQ247722.
